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ABSTRACT
Preparing for the expected wealth of Gaia detections, we consider here a simple algo-
rithm for classifying unresolved astrometric binaries with main-sequence (MS) primary
into three classes: binaries with a probable MS secondary, with two possible values
for the mass ratio; probable hierarchical triple MS systems with an astrometric sec-
ondary as a close binary, with a limited range of mass-ratio values; and binaries with
a compact-object secondary, with a minimal value of the mass ratio. This is done
by defining a unit-less observational parameter ’Astrometric Mass-Ratio Function’
(AMRF), A, of a binary, based on primary-mass estimation, in addition to the as-
trometric parameters—the angular semi-major axis, the period and the parallax. We
derive the A value that differentiates the three classes by forward modeling represen-
tative binaries of each class, assuming some mass-luminosity relation. To demonstrate
the potential of the algorithm, we consider the orbits of 98 Hipparcos astrometric bi-
naries with main-sequence primaries, using the Hipparcos parallaxes and the primary-
mass estimates. For systems with known spectroscopic orbital solution, our results are
consistent with the spectroscopic elements, validating the suggested approach. The al-
gorithm will be able to identify hierarchical triple systems and dormant neutron-star
and black-hole companions in the Gaia astrometric binaries.
Key words: celestial mechanics — astrometry — methods: data analysis — binaries:
general — stars: black holes
1 INTRODUCTION
The Gaia mission (Gaia Collaboration et al. 2016, 2018)
carries the potential of discovering a large number of wide
binaries through the detection of their astrometric motion
(Lindegren et al. 2016, 2018). The expected large sample of
astrometric binaries will allow studying the statistical char-
acteristics of the wide-binary population in detail, and com-
pare them to the short-period binaries, which are mostly
studied by observing spectroscopic and eclipsing systems.
One aspect of the stellar wide binary population is
the frequency of hierarchical triple systems, for which
the secondary (or the primary) of the astrometric binary
is by itself a short-period binary (e.g., Tokovinin et al.
2006; Tokovinin 2018). Another interest in the upcoming
large sample of Gaia astrometric binaries stems from the
capability of the mission to detect binaries with dormant
black hole (BH) companions. In these systems the BH
is not accreting material, because of the relatively large
separation between the two components, and therefore
does not emit any X-rays. Presumably, most of the BH
binaries are in their dormant state, waiting to be dis-
covered by Gaia (Breivik et al. 2017; Mashian & Loeb
2017; Yamaguchi et al. 2017; Yalinewich et al. 2018;
Kinugawa & Yamaguchi 2018). Gaia will detect the large
astrometric motion of the optical companions of these
binaries. Obviously, their mass ratios, from which one can
derive the BH masses, provided the primary masses can be
estimated, is of crucial importance (e.g., Farr et al. 2011;
Corral-Santana et al. 2016).
Preparing for the wealth of wide binaries expected from
GaiaDR3 and DR4,1 we consider here a simplistic first-order
approach to identify hierarchical triple systems and binaries
with compact-object companions.
Gaia will not be able to resolve most of its astrometric
binaries. As known since the very early days of astrome-
try (see, for example, an historical review by van de Kamp
1975), the key issue for the analysis of such systems is the
1 https://www.cosmos.esa.int/web/gaia/release
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relation between the observed semi-major axis of the photo-
center and that of the primary.
It is also known that if the primary and secondary
are both on the main sequence (MS), one can bypass the
problem by assuming some mass-luminosity law that applies
to the primary and secondary alike (e.g., Ren & Fu 2013).
Building on this idea, we present here a first-order approach
to constrain the nature of the secondary, assuming the mass
of its primary component can be estimated. Although the
discussion is extremely simplified, it lays out a useful path
for the analysis of astrometric binaries, and specifically for
the detection of compact-object massive secondaries.
We reformulate the analysis by defining a unit-less ob-
servational parameter ’Astrometric Mass-Ratio Function’
(AMRF), A, of a binary, based on primary-mass estimation,
in addition to the astrometric parameters. This is similar
to the spectroscopic reduced mass function of Shahaf et al.
(2017). We show how one can use this parameter for study-
ing the mass ratio of a binary, provided the primary is an MS
star. Additionally, we show how one can use the value of A
to divide the population of unresolved astrometric binaries
into three observational classes—binaries with a probable
MS secondary, binaries with a secondary probably composed
of a close pair of MS stars and binaries that have compact-
object secondary.
We derive the A values that differentiate between the
three classes by forward modeling representative binaries of
each class, assuming a power-law mass-luminosity relation.
Using our first-order simplistic approach, one can obtain two
possible mass-ratio values for binaries of the first class, ob-
tain a permitted range of mass-ratio values for binaries of
the second class, and determine a minimal mass ratio for
binaries of the third class.
To demonstrate the effectiveness of the proposed ap-
proach we apply our technique to a small sample of Hippar-
cos astrometric binaries (Lindegren et al. 1997), using this
time a realistic mass-luminosity relation. Validating the sug-
gested approach, we show that the results of our analysis are
consistent with the known spectroscopic orbits of the SB9
catalogue(Pourbaix et al. 2004).
Sections 2 and 3 present our approach, Section 4 dis-
plays our analysis of the Hipparcos sample, and Section 5
discusses in short our findings.
2 THE ASTROMETRIC MASS-RATIO
FUNCTION OF A BINARY
Consider an astrometric binary, with an orbital separation
a, orbital period P , primary and secondary masses M1 and
M2, respectively, and mass-ratio, defined as q = M2/M1.
Provided the binary is resolved by the astrometric detector,
the observed angular semi-major axis of the primary is
α1 = ̟
(
M1
M⊙
)1/3 (
P
yr
)2/3
q
(1 + q)2/3
, (1)
where ̟ is the system’s parallax. In case we can estimate
the primary mass of the resolved astrometric binary, based
on its color and brightness, for example, this equation can
be solved for the mass ratio.
Separating the observationally derived parameters of
the binary, we define the Astrometric Mass-Ratio Function,
AMRF, similar to the reduced mass function of spectroscopic
binaries, to be
A1 =
α1
̟
(
M1
M⊙
)−1/3 (
P
yr
)−2/3
. (2)
We then obtain a simple equation
A1 =
q
(1 + q)2/3
, (3)
which can be written as a a third-order polynomial equation,
A−31 q
3 − q2 − 2q − 1 = 0 , (4)
yielding a unique value of the mass ratio q, for all positive
finite values of A1.
In most cases, however, the binary is not resolved by
the detector, and the astrometric observations yield only
the angular semi-major axis of the photo-center. In this case
we define the photo-centric AMRF, A, as
A =
α
̟
(
M1
M⊙
)−1/3 (
P
yr
)−2/3
, (5)
where α is the observed angular semi-major axis of the
photo-centric orbit.
The key issue is the relation between α and α1. The
well-known ratio between the two depends on the mass-ratio
and the light-ratio of the two components,
α = α1
(
1−
S(1 + q)
q(1 + S)
)
, (6)
where S = I2/I1, and I1 and I2 are the intensities of the
primary and secondary, integrated over the bandpass of the
detector.
We finally get to the Astrometry equation,
A =
q
(1 + q)2/3
(
1−
S(1 + q)
q(1 + S)
)
, (7)
where the second factor reflects the unknown reduction of
the observed astrometric motion around the binary center-
of-mass, relative to the motion of the primary.
As one can derive the Gaia (or Hipparcos for that mat-
ter) mass-luminosity relation on the MS, we can obtain the
luminosity ratio between any two MS stars. Thus, for a bi-
nary with both components on the MS, S(q) is known for
any primary mass. We can therefore numerically solve equa-
tion (7) for q, based on the observationally derived value of
A. As is well known, in most cases this equation has two
roots, as is demonstrated below.
To discriminate between the different systems we con-
sider here three representative binaries—two extreme and
one in-between cases. One case is a binary with a non-
luminous secondary, S = 0, and another is a binary whose
primary and secondary are both MS stars. The third, in be-
tween case, is an hierarchical MS triple system, where the
astrometric secondary is a close binary by itself. For such a
system we assume that the mass ratio of the close binary
is known. We forward model the three cases, assuming that
the intensity ratio of MS stars, as seen by the astrometric
detector, can be approximated as a power law of the form
S = qβ (but see below a more realistic approach for the
Hipparcos binaries). We show that these three representa-
tive binaries can define three different observational classes,
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differentiated by the range of their of possible A values. As-
signing a binary to one of the three classes can then be used
to constrain the nature of its secondary.
2.1 A non-luminous secondary
As detailed above, the case of a non-luminous secondary is
quite simple, as S = 0. We therefore get
A = A1 =
q
(1 + q)2/3
. (8)
The solution of this equation is the root of the third-order
polynomial given in equation (4).
2.2 A MS secondary
Assuming the two components are on the MS, with simpli-
fied mass-luminosity relation
SMS(q) =
I2
I1
=
(
M2
M1
)β
= qβ , (9)
we get
A = A
MS
=
q
(1 + q)2/3
(
1−
qβ(1 + q)
q(1 + qβ)
)
. (10)
2.3 A secondary composed of two MS stars
If the astrometric secondary is by itself a binary with two
MS stars with mass-ratio q2, the intensity ratio becomes
Striple(q, q2) =
I2,A + I2,B
I1
= qβ
1 + qβ2
(1 + q2)β
, (11)
where I2,A and I2,B are the intensities of the close-binary
primary and secondary components, respectively. The ex-
pression for Striple(q, q2) has to be inserted into equation (7)
for q and q2.
The second factor in the expression of Striple(q, q2),
which only depends on q2, gets its minimum, for β > 1,
at q2 = 1, with a value of 2
1−β . The maximum is attained
when q2 = 0, with a value of unity. This reflects the fact
that for a given mass of the astrometric secondary, its mini-
mum brightness is reached when the mass of the secondary is
divided into two equal halves, whereas the maximum bright-
ness is obtained when all its mass is contained in one star,
namely, we are back in the previous case. We then get
qβ 21−β 6 Striple(q) 6 q
β . (12)
Obviously, the astrometric secondary must be fainter
than the primary. In the previous case this is kept by having
q 6 1. When the secondary is by itself a binary, this limit
depends on q2. The limit is reached when
q (Striple = 1) =
(
1 + q2
)
·
(
1 + qβ2
)−β−1
. (13)
This maximum of q ranges from 1, for q2 = 0 (normal MS
case) to 2(1−β
−1), at q2 = 1.
3 THE NATURE OF THE SECONDARY
COMPONENT
The A functions of the three binaries discussed above are
plotted in Figure 1 for β = 5. The figure shows that for
a non-luminous secondary A1 is a monotonically increasing
function of the mass ratio q. Specifically, for q 6 1 we get
A1 . 0.6. On the other hand, AMS reaches a maximum value
of ∼ 0.36 at q ∼ 0.6, then monotonically decreases to a value
of zero at q = 1.
The hierarchical triple systems, where the astrometric
secondary which is a binary by itself, are presented in the
figure by three functions, A
triple
, with q2 values of 0.25, 0.5
and 1. In fact, the A
MS
function can be viewed as an A
triple
case with q2 = 0.
The Atriple functions show similar behavior, starting at
zero for q = 0, attaining a maximum at some value of q,
depending on q2, and then go down to a value which again
depends on q2, as discussed above.
Not surprisingly, for small q all curves coincide, while
their largest differences are seen when q > 1.
When we consider Figure 1, we better keep in mind that
for any given astrometric binary we observationally obtain
only its ordinate value, A. A point in the figure that presents
a system can be at any location between the different curves,
depending on the light contribution of the secondary, which
is unknown. Only the white areas of the figure are excluded.
The curves of Figure 1 suggest three classes of astro-
metric binaries:
• Class I—binaries with A below the maximal value of
A
MS
, max{A
MS
} (0.36 in the figure); most probably binaries
with a MS secondary.
• Class II—binaries with A above max{A
MS
}, but below
max{A
triple
} with q2 = 1 (0.56 in the figure); probable hi-
erarchical triples, with the astrometric secondary as a close
binary composed of two MS stars.
• Class III—binaries with A above max{A
triple
}; systems
that probably contain a compact object.
The division between the classes is clearly depicted in
Figure 1.
Note that our astrophysical division between the three
classes is of a probabilistic nature only. For example, class-I
systems can still be hierarchical triple systems (see below),
although this is a much less probable scenario. On the other
hand, class-II systems cannot be MS binaries. Similarly,
class-I and -II systems may still have a compact-object sec-
ondary, although this is much less probable, whereas class-
III binaries must have a massive compact companion. Nev-
ertheless, the A value of a binary, when compared with the
figure, can lead to a first guess of its nature and can help
forming a first-order triage of a sample of binaries.
In the next section we apply the suggested triage ap-
proach to a small sample of Hipparcos MS binaries in order
to show how our triage should work in real samples, and
demonstrate its potential.
4 ANALYSIS OF THE Hipparcos ASTROMETRIC
BINARIES WITH MS PRIMARIES
Lindegren et al. (1997) reported of 235 stars with Hipparcos
MNRAS 000, 1–9 (2007)
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Figure 1. Astrometric Mass-Ratio Function (AMRF), A, as a function of q for three cases (see text)—A1 (a thick continuous line
for non-luminous secondary), A
MS
(thick dotted line for an MS secondary) and three Atriple functions. A thick dashed line for the
Atriple(q2 = 1) case, presenting an hierarchical triple MS system, where the astrometric secondary is an equal-mass close binary. The two
thin dashed lines represent hierarchical systems with q2 = 0.25 (orange) and q2 = 0.5 (brown). The thick dashed-dotted line marks the
Striple = 1 limiting case, where the close-binary astrometric secondary is as bright as the primary (see text). The functions were derived
by assuming a mass-luminosity power law of L ∝ Mβ with β = 5. The white area is excluded for any binary or triple system, whereas
the yellow area can be populated by hierarchical triple MS systems. In the light-red area one can find only systems with compact-object
secondaries, either as single or as members of a close binary system. The thin dotted horizontal lines separate the diagram according to
the different classes (see text).
astrometric binary orbits, out of which 163 have parallaxes
larger than 10 mas and αH/∆αH > 3, where αH and ∆αH
are the Hipparcos semi-major orbit axes and their errors.
These systems are plotted on Hipparcos Color-Magnitude
Diagram (CMD) in Figure 2, using the Hipparcos main cat-
alogue2 data (ESA 1997), which includes the V-band magni-
tude and the B-V and V-I color indexes. As we are interested
only in MS binaries, we remove from the sample objects that
clearly deviate from the MS, based on this CMD, coloring
in red the remaining 126 objects.
The sample consists mostly of A–K type primaries, at a
range of orbital periods that spans between a few weeks and
a few decades. The projected semi-major axes are of 2–200
mas, with the exceptions of Sirius and Procyon that have
αH on the order of 1”.
We derived the primary mass, M1, of each of the
126 systems independently from both their B-V and V-I
2 http://cdsarc.u-strasbg.fr/viz-bin/cat/I/239
colour indexes. This was done by interpolating over stel-
lar color and effective temperature values of the table3 of
Pecaut & Mamajek (2013, PM13). We used the mean value
as our best-estimate mass, and the difference as the uncer-
tainty, with a minimum uncertainty of 10%.
Colour-based estimation of the primary mass of a bi-
nary can be affected by the light contribution of the cooler
secondary star. Simulations we performed for two MS stars
using PM13 table showed that the maximum B-V colour
shift induced by a secondary is in the range of 0.04–0.06, de-
pending on the primary mass. This B-V colour shift induced
an underestimation of the primary mass between ∼ 0.03M⊙
(for 0.8M⊙ primary) and ∼ 0.1M⊙ (for 1.8M⊙ primary),
with very similar values for the V-I colour shift. We there-
fore conclude that the secondary light can induces less than
10% error in the primary mass estimate.
To have an homogeneous sample for our triage we con-
3 Version 2018.05.24, http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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Figure 2. Color-Magnitude Diagram (CMD) of 163 stars with
Hipparcos astrometric solution within 100 parsecs and α/∆α > 3.
Red dots represent the 98 MS stars we considered.
sidered only primaries with estimated masses of 0.8–1.8 M⊙,
so that the analyzed systems will be within the limits of the
Hipparcos mass-luminosity relation we derived below. We
then calculated the AMRF, A, of each of the remaining 98
systems in the sample according to equation (5) and classi-
fied them by our approach.
4.1 Triage of the Hipparcos astrometric binary
sample
The distinction between the three classes of astrometric bi-
naries depends on the maximal values of AMS and Atriple,
which depend on the mass-luminosity relation. We assumed
above a simplistic power-law relation, which is far from being
realistic. In order to apply our algorithm to the Hipparcos
binaries we fitted the mass-luminosity relation of the Hip-
parcos Hp band by a broken power-law, as described in Ap-
pendix A. The broken power-law induced different shapes to
the expected A curves, which depend on the primary mass,
as demonstrated in Appendix A and figure A2.
We derived A curves for a range of primary masses,
and obtained the corresponding maximal values of AMS and
Atriple as shown in Figure 3. Equipped with these values
we then turned to consider the small sample of Hipparcos
unresolved astrometric binaries.
Our triage process divided the 98 binaries into 3 groups:
• 68 systems had A values smaller than the corresponding
max{A
MS
}, and therefore were identified as typical class-I
binaries. These systems, with probable MS secondaries, had
two possible solutions for the mass ratio.
• 19 systems had A values larger, but within 1σ, from
their corresponding max{A
MS
}. These systems were classi-
fied as probable class-I binaries, with MS secondaries. We as-
signed them a q value that corresponded to theirmax{A
MS
}.
• 11 systems had A values significantly larger than
their corresponding max{A
MS
}, but not significantly larger
than max{A
triple
}, making them typical class-II systems—
probably hierarchical triple systems. We assigned them with
a range of q values.
M1 [M⊙]
0.8 1 1.2 1.4 1.6 1.8
m
ax
A
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
Figure 3. Maximal value of AMS (dotted line) and Atriple
(dashed line), as a function of the primary mass, M1, for the
Hipparcos band.
We have not identified a class-III system which might
indicate a compact-object companion.
4.2 Comparison with the SB9 catalogue
In order to validate our approach, we searched the SB9 cat-
alogue4 of spectroscopic binaries (Pourbaix et al. 2004) for
binaries from our Hipparcos sample. We wished to compare
the results of the astrometric analysis with the spectroscopic
orbital solution.
For single-lined (SB1) systems we derived Kast, the ex-
pected RV semi-amplitude, based on the Hipparcos orbital
elements and our derived M1 and q. We then compared the
expected semi-amplitude with K1, the actual observed semi-
amplitude RV reported in SB9. For double-lined (SB2) sys-
tems, we directly compared the two derived mass ratios. The
good agreement between our results and the spectroscopic
elements showed that even if the secondary substantially
contributed to the binary light, our approach yielded a cor-
rect mass ratio.
We identified 31 (out of 87) class-I binaries, and 7 (out
of 11) suspected hierarchical triples class-II systems in SB9.
These included 3 class-I and 1 class-II binaries that SB9
identified as systems for which the astrometric primary is a
short-period spectroscopic binary.
We first considered the 28 class-I binaries for which the
astrometric primary is a single star, 18 of them are SB1s
and ten are SB2. However, for four of the SB1s and two
of the SB2s we obtained large errors for Kast and therefore
removed them from our comparison. We were left with only
14 SB1s and eight SB2s for the comparison, the results of
which are given in Tables B1 and B2 and plotted in Figure 4,
where we chose the Kast which is closer to the observed K1.
As can be seen in the figure, our results are consistent
with the spectroscopic elements. Table B2 shows that the
average ratio between qast, the mass ratio derived from the
4 http://sb9.astro.ulb.ac.be/
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Figure 4. Comparison between the results of the astrometric analysis and the spectroscopic orbital elements of SB9. Left: Expected RV
semi-amplitude, Kast, vs. the observed RV semi-amplitude, K1, of 14 class-I systems with SB1 solution (see text). Right: Mass ratio,
qast, vs. the observed mass ratio of 8 class-I systems with SB2 solution. Dashed lines mark the one-to-one relation.
astrometric orbit, and qSB9 is 0.96 ± 0.12, consistent with
unity.
Out of the 7 class-II systems published in the SB9
catalogue, 5 were identified or suspected to have a short-
period binary secondary (HIP 20935, 61880, 76031, 81023,
93995, see Johnson & Mayor 1986; Latham et al. 2002;
Jancart et al. 2005; Griffin 2013), confirming our approach.
One system is reported to have an equal-mass short-period
binary as its primary star (HIP 108478, see Bakış et al.
2010). We have found no reports of statistically significant
evidence for higher multiplicity for the remaining system
(HIP 62124, Griffin 2001).
5 SUMMARY AND DISCUSSION
Preparing for the expected wealth of Gaia detection, we con-
sidered here a simple algorithm for classifying unresolved
astrometric binaries into three classes:
• Binaries with a probable MS secondary.
• Probable hierarchical triple MS systems.
• Binaries with a compact-object secondary.
This is done by defining a unit-less observational pa-
rameter ’Astrometric Mass-Ratio Function’ (AMRF), A, of
a binary, based on primary-mass estimation, in addition to
the astrometric parameters—the angular semi-major axis,
the period and the parallax. This is similar in some ways
to the spectroscopic modified mass function introduced re-
cently by Shahaf et al. (2017).
The algorithm yields two possible values of the mass
ratio for class-I binaries, if indeed the secondary is a MS
star, a limited range of q values for class-II systems, and a
minimal value of q for class-III binaries .
We note that in actual cases the derivation of the pri-
mary mass from the brightness, distance and color of the
system should also take into account the contribution of the
secondary. This second-order correction can be done itera-
tively; in each iteration, the mass ratio found in the previous
iteration should be used for a better estimation of the pri-
mary mass. Another possibility that might have an impact
on the analysis is that the primary is by itself a close binary,
and therefore its mass might not be reflected by the appar-
ent brightness and temperature of the system. We ignored
these considerations here, in order to keep the derivation
simple.
In any case, as discussed above, our simulations show
that a colour-based mass estimation of the primary is only
slightly sensitive to the contribution of a MS secondary—
the effect is less than 10%. This is so because for a MS
secondary to have substantial light contribution, its mass
has to be similar to that of the primary, and therefore must
have similar colour index.
To validate our first-order algorithm, we applied it to a
small sample of 98 MS Hipparcos astrometric binaries, using
the Hipparcos parallax, absolute magnitude and color. Most
of the binaries were found to be class-I systems. We have
found 11 class-II systems, 5 of which were previously known
as such. We have not found any class-III system, consistent
with the paradigm that neutron-star and BH binaries are
quite rare.
The SB9 catalogue includes orbits for 22 systems from
our Hipparcos sample. We have shown that our analysis is
consistent with the orbital elements of SB9 for the SB1 and
SB2 binaries alike, provided we choose the pertinent q value.
The good agreement with the RV elements demonstrates the
potential of our first-order approach.
As emphasized above, the astrophysical division be-
tween the three classes is of one-way non-exclusive proba-
bilistic nature only. Although much less probable, class-I bi-
naries can still be hierarchical triple systems, whereas class-
II systems cannot have a single MS secondary. Similarly,
class-I and -II systems may still have a compact-object sec-
ondary, although this is much less probable, whereas class-
III binaries must have a massive compact companion. De-
spite its probabilistic nature, the algorithm enables an au-
tomated analysis of a sample of astrometric binaries, iden-
MNRAS 000, 1–9 (2007)
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tifying most of the triple systems and most of the binaries
with compact-object secondaries in the sample.
Given the expected large number of astrometric bina-
ries to be detected by Gaia, this algorithm can determine
the frequency of triple systems (e.g., Mayor & Mazeh 1987;
Fuhrmann et al. 2017; Tokovinin et al. 2006) and the occur-
rence rate of wide binaries with compact object, BH in par-
ticular.
As emphasized recently by Tokovinin (2018), his catalog
of triple and multiple systems "results from random discov-
eries and gives a distorted reflection of the real statistics"
of the triple systems. "The volume-limited samples (e.g.,
Raghavan et al. 2010) are necessarily small and contain only
a modest number of hierarchies, diminishing their statistical
value". The inherent limitation of our present knowledge of
the multiple-system population is going to be substantially
removed by the future Gaia releases, when analyzed by our
algorithm. We will be able to find hierarchical triple sys-
tems for which the astrometric secondary is a close binary,
i.e., systems most difficult to identify. The statistical fea-
tures of this population will shed light on the role of a third
stellar distant companion on the formation of close binaries
(e.g., Mazeh & Shaham 1979; Fabrycky & Tremaine 2007;
Naoz 2016).
Finally, the algorithm can automatically identify Gaia
binaries with compact-object secondary, BH in particular.
Enlarging the population of known binaries with dormant
BH is crucial for our understanding of how such systems
are formed, including stellar evolution of the BH progeni-
tor and its dependence on the binarity of the system, the
formation of the BH itself with or without a natal kick, stel-
lar evolution of the companion and its dependence on the
proximity of the massive BH companion and the orbital evo-
lution of the binary, before and after the BH formation (e.g.,
Belczynski et al. 2002; Repetto et al. 2017; Kochanek et al.
2018). Here again the Gaia project will substantially change
our comprehension of the formation and evolution of the
population of BHs in wide binaries.
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APPENDIX A: THE Hipparcos
MASS-LUMINOSITY RELATION AND ITS
RESULTING AMRF
To determine the mass-luminosity relation of the Hippar-
cos band we used the Hipparcos-Gaia cross-match catalogue
(Marrese et al. 2018) that contained 83,034 entries at the
time of our analysis. Out of the entire cross-matched sam-
ple, we used ∼ 15, 000 Hipparcos targets closer than 100
parsecs, according to their measured Gaia parallaxes.
A CMD of the 100 pc Hipparcos-Gaia cross-matched
sample was constructed using Gaia’s parallaxes, G-band
magnitudes and colors. Targets that clearly deviate from
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Figure A1. Mass-Luminosity relation for the sample of Hip-
parcos band. Hp is the absolute magnitude, derived using the
parallax estimate by Gaia. The mass, M1, was derived using
Pecaut & Mamajek (2013) MS table and the effective temper-
ature value provided by Gaia. Red points are the 10,784 targets
that were used for the mass-luminosity fit (yellow lines). Grey
points mark the points that were rejected in the last stage due to
luminosity excess (see text).
mass [M⊙] a b
1.5–1.8 −8.9± 0.6 4.3± 0.1
0.9–1.5 −12.39 ± 0.08 4.955 ± 0.006
0.6–0.9 −20.39 ± 0.09 4.57 ± 0.01
Table A1. Fitted parameters for the mass-magnitude relation in
equation (A2).
the MS were manually excluded from the sample, leaving
∼ 13, 500 MS candidates.
We restricted the sample to targets that are closer than
100 parsecs and within the 0.6–1.8 M⊙ range. The masses
were derived by using the MS tables of Pecaut & Mamajek
(2013) and the effective temperature estimates provided by
Gaia DR2. These restrictions left a subsample ∼ 12, 500
targets.
Finally, in order to diminish the impact of binaries on
our analysis we compared the bolometric luminosity as re-
ported in Gaia DR2, LGaia , to the MS luminosity deter-
mined by Pecaut & Mamajek (2013), LMS . Only targets
that fulfill ∣∣LGaia − LMS∣∣
LMS
< 50% (A1)
were considered in the analysis. This last step left a total of
10,784 targets in the analyzed sample.
The mass-luminosity relation for the Hipparcos Hp band
was then obtained by fitting a broken power-law to the sam-
ple of the form (see Figure A1)
Hp = a · M+ b , (A2)
whereM = logM1/M⊙. The fitted parameters, a and b, are
given in Table A1.
This relation can be expressed in terms of the intensity
q
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Figure A2. AMRF as a function of q for three cases (see text)—
A1 (a thin continuous line for non-luminous secondary), AMS
(thick dotted line for an MS secondary) and Atriple (dashed line
for hierarchical triple system). These functions are plotted for
0.8M⊙ (blue), 1.3M⊙ (red) and 1.8M⊙ (green) primaries. The
functions were derived by using equations (A3)–(A5).
ratio on the Hipparcos band,
SHp(M1,M2) ≡ 10
−0.4(∆Hp),
where M1, M2 and ∆Hp are the primary mass, secondary
mass, and magnitude difference, respectively.
We then get for A-type MS stars, of 1.5–1.8 M⊙, a mass-
luminosity relation of the form
SHp
A
(q) =


q3.6 1.5 < qM1
M⊙
< 1.8,
0.566 ·
(
M1
M⊙
)1.4
· q5 0.9 < qM1
M⊙
< 1.5 ,
0.794 ·
(
M1
M⊙
)4.6
· q8.2 qM1
M⊙
< 0.9 ,
(A3)
for F–G type primaries of 0.9–1.5 M⊙
SHp
FG
(q) =
{
q5 0.9 < qM1
M⊙
< 1.5,
1.40 ·
(
M1
M⊙
)3.2
· q8.2 qM1
M⊙
< 0.9 ,
(A4)
and for K-type primaries of 0.6–0.9 M⊙
SHp
K
(q) = q8.2 . (A5)
We used these relations to plot AMRF(q) in Figure A2
for the three cases—A1, AMS and Atriple for 0.8M⊙, 1.3M⊙
and 1.8M⊙ primaries.
APPENDIX B: COMPARISON WITH THE SB9
CATALOGUE
Table B1 compares the expected RV semi-amplitude, based
on the Hipparcos orbital elements and our derived M1 and
q, with K1, the actual observed semi-amplitude RV reported
in SB9 for the SB1 systems. The errors on Kast were calcu-
lated using the errors on the period, primary mass, inclina-
tion angle and derived mass ratio. Only 14 systems had well
defined Kast, with small enough errors, that the comparison
is meaningful.
Table B2 compares the expected mass ratio based on
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HIP A Kast K1
[km/s] [km/s]
5336 0.1892± 0.0064 2.37± 0.19 2.13 ± 0.11
10723 0.334± 0.05 15.9± 4.4 19.264 ± 0.006
37279 0.317± 0.011 1.74± 0.1 1.7
45075 0.183± 0.013 4.51± 0.46 3.9± 0.04
59750 0.342± 0.018 8.13± 0.72 7.71 ± 0.12
63742 0.356± 0.052 11± 3.4 13.03 ± 0.1
67927 0.318± 0.016 8.21± 0.65 8.4
68682 0.389± 0.016 6.37± 0.56 6.78 ± 0.14
70857 0.424± 0.029 13.4± 4.2 13.61± 0.05
72848 0.357± 0.026 16.5± 1.9 18.913 ± 0.076
75379 0.343± 0.084 13.6± 5.8 14.175 ± 0.036
75695 0.356± 0.017 7.4± 2.9 9.2
82860 0.345± 0.036 19.4± 3.9 17.16 ± 0.004
89808 0.298± 0.055 15± 3.8 15.5
Table B1. Comparison between our derived semi-amplitudes,
Kast, based on the astrometric orbit, and the observed ones, K1,
for the SB1 systems. The SB9 catalogue does not include errors
for K1 for three systems.
HIP A qast q
7078 0.329± 0.042 0.706 ± 0.047 0.7524 ± 0.0019
10644 0.334± 0.079 0.78± 0.11 0.888 ± 0.033
20087 0.332± 0.07 0.65± 0.29 0.81± 0.057
65135 0.294± 0.044 0.739 ± 0.077 0.758 ± 0.042
75389 0.385± 0.045 0.787 ± 0.083 0.787 ± 0.011
89937 0.366± 0.014 0.685± 0.02 0.711 ± 0.015
101382 0.417± 0.055 0.74± 0.31 0.78622 ± 0.00058
111170 0.397± 0.05 0.66± 0.26 0.546 ± 0.018
Table B2. Comparison between our derived mass ratio based on
the astrometric orbit and the observed ones for the SB1 systems.
the Hipparcos orbital elements with mass ratio derived from
the SB2 orbits of SB9 catalogue.
MNRAS 000, 1–9 (2007)
